This study investigates the role of proinflammatory monocytes recruited from blood circulation and recovered in bronchoalveolar lavage (BAL) fluid in mediating the lung damage in a model of acute cigarette smoke (CS)-induced lung inflammation in two strains of mice with different susceptibility to develop emphysema (susceptible -C57BL/6J and non susceptible -129S2/SvHsd). Exposure to whole-body CS for 3 consecutive research cigarettes in one single day induced acute inflammation in the lung of mice. Analysis of BAL fluid showed more influx of recently migrated monocytes at 72 h after CS-exposition in susceptible compared to non susceptible mice. It correlated with an increase in MMP-12 and TNF-a protein levels in the lung tissue, and with an increment of NF-kB translocation to the nucleus measured by electrophoretic mobility shift assay in C57BL/6J mice. To determine the functional role of these proinflammatory monocytes in mediating CS-induced airway inflammation, alveolar macrophages and blood monocytes were transiently removed by pretreatment with intratracheal and intravenous liposome-encapsulated CL 2 MDP, given 2 and 4 days prior to CS exposure and their repopulation was studied. Monocytes/macrophages were maximally depleted 48 h after last liposome application and subsequently recently migrated monocytes reappeared in BAL fluid of susceptible mice at 72 h after CS exposure. Recently migrated monocytes influx to the lung correlated with an increase in the MMP-12 protein level in the lung tissue, indicating that the increase in proinflammatory monocytes is associated with a major tissue damaging. Therefore our data confirm that the recruitment of proinflammatory recently migrated monocytes from the blood are responsible for the increase in MMP-12 and has an important role in the pathogenesis of lung disease induced by acute lung inflammation. These results could contribute to understanding the different susceptibility to CS of these strains of mice. 
Introduction
Cigarette smoke (CS) is the leading cause of chronic obstructive pulmonary disease (COPD) characterized by an abnormal persistent inflammatory response. Although .90% of patients with COPD are smokers, only a minority (615-20%) of susceptible tobacco smokers have been reported to develop clinically significant COPD and the reason for this is unknown. The effect of CS in mice is believed to be strain dependent. However, the molecular basis of susceptibility of mouse strains to effects of CS is not known. Previous studies have demonstrated that C57BL/6J mice responded to CS exposure with accelerated development of emphysema [1, 2, 3, 4, 5] while those of the strain 129S2/SvHsd, which produce low levels of tumor necrosis factoralpha (TNF-a), were resistant to lung inflammation and oxidant responses to CS exposure [4, 5] showing no inflammatory response to smoke at 24 h [6] .
CS induces an exaggerated influx of inflammatory cells from the blood circulation into the airways, being these cells accessible through the bronchoalveolar lavage (BAL) fluid. Among all the inflammatory cells, alveolar macrophages play a pivotal role in the pathogenesis of COPD. Blood monocytes are well-characterized precursors for macrophages but alveolar macrophages turnover rate is slow and is maintained by constitutively immigrating resident monocytes [7, 8, 9] . In contrast, proinflammatory monocytes rapidly migrate into alveolar airspaces after lung infection and are believed to be the main effectors of acute lung injury [10, 11] . However, the limited characterization of the murine monocytes in BAL fluid has made difficult to identify the monocytes recruitment to inflammatory sites and may have led to an underestimation of their early migration [12] .
Macrophages release a number of matrix metalloproteinases (MMPs) such as MMP-12, with potential degrading activity on lung matrix and the production of this protease has been found to be elevated in patients with COPD [13, 14] . The inflammatory properties for MMP-12 are linked to its capacity to release TNF-a from macrophages [15] . It is known that TNF-a drive 70% of CSinduced emphysema in the mouse [16] . Furthermore, free radicals, derived from cigarette smoke, activate the transcription of nuclear factor-kappa-light-chain-enhancer of activated B cells (NF-kB) [17] , which in turn leads to the expression of many genes which encode mediators of the inflammatory process.
To determine the functional role of proinflammatory recently migrated monocytes in mediating acute CS-induced airway inflammation, one of the proposal methods was selectively and transiently deplete alveolar macrophages and blood monocytes using a well-established liposome-encapsulated dichloromethylene diphosphonate (CL 2 MDP) strategy [18, 19, 20, 21] and subsequently their repopulation after CS exposure was studied.
The goal of the present study is to determine the role of proinflammatory recently migrated monocytes in acute CSinduced airway inflammation in two strains of mice with different susceptibility to develop emphysema. For this purpose, alveolar macrophages and blood monocytes were transiently depleted by administration of liposome-encapsulated CL 2 MDP, in order to assess the influx of renewed monocytes after CS exposure. Furthermore, we investigated whether MMPs are released in response to monocyte activation. The main findings are that proinflammatory monocytes are responsible directly in mediating CS-induced lung inflammation and that this cells release the MMPs in response to lung inflammation.
Materials and Methods

Animals
One hundred twelve adult 12-week-old males mice (22-25 g body wt) belonging to one of two strains -susceptible (C57BL/ 6J, Charles River Laboratories) and non susceptible (129S2/ SvHsd, Harlan Iberica) to smoking-induced emphysema were housed in the Inhalation Core Facility at IIS-Fundación Jiménez Díaz for one week of acclimatization before the experiment. After that, the mice were returned to their cages, where a diet of alfalfa-free rodent food (Harlan Teklad) and water were provided ad libitum. The studies described herein were performed under a project license issued by the Ministry of Innovation and Science of Spain and all protocols were approved by the local Ethical Animal Research Committee at IIS-Fundación Jiménez Díaz. In all cases, the legislation regarding animal treatment, protection and handling was followed (RD 53/2013).
Cigarette smoke (CS)-induced inflammation methodology
Experimental groups consisted of eight mice each. Cigarette smoke (CS) exposure was performed in a single exposition using smoke from 3 consecutive (with 5-minute breaks between them) standard research non filtered cigarettes (2R1, University of Kentucky, Lexington, KY, USA; 11.7 mg TPM (total particulate matter per cubic meter of air), 9.7 mg tar and 0.85 mg nicotine per cigarette). Mainstream CS was generated by an exposure system where combustion of the cigarette was drawn into the mice chambers via a peristaltic pump (KD Scientific, Inc.) [22] with some modifications [23] . Research cigarettes were smoked according to the Federal Trade Commission protocol (1puff/min of 2 seconds' duration and 35 mL volume) with fresh air being pumped in for the remaining time. Non smoke-exposed mice were administered filtered air in an identical chamber according to the protocol described for CS exposure.
Measurement of carboxyhemoglobin (COHb) levels in blood samples
Immediately after removal of the animals from the smoke chamber, blood samples (,50 ml) were collected in a heparinised tube by puncturing the retro-orbital sinus. COHb levels were measured spectrophotometrically with an IL 682 TM CO-Oximeter (Instrumentation Laboratory) in order to confirm a non toxic exposure.
Monocyte/macrophage transient depletion with liposome-encapsulated Cl 2 MDP Liposome-encapsulated Cl 2 MDP (dichloromethylene diphosphonate) and liposome-encapsulated PBS were prepared as described [21] . Cl 2 MDP is a not toxic drug that once delivered into phagocytic cells using liposomes as vehicles, damage the cells irreversibly and die by apoptosis [24, 25] . Liposomes have a nearly unhindered access to these monocytes/macrophages as concluded from their fast but transient depletion, within 1 day liposome-encapsulated CL 2 MDP treatment in mice and rats [26] and persists for up to 5 days [27] . At day 5 after administration, some alveolar macrophages could be found returning, but complete repopulation of the lung with alveolar macrophages was only reached around day 18 [27] . Free Cl 2 MDP, e.g. released from dead macrophages, has an extremely short half life in the circulation and removed by the renal system. Moreover it is known that alveolar macrophage elimination in vivo is associated with an increase in pulmonary immune response in mice [27, 28] . Two consecutive injections with a time interval of 2 days were required to get a nearly complete depletion of macrophages and monocytes. Depletion is transient since cells are renewed from bone marrow precursors. In contrast, interstitial macrophages that are separated from the alveolar space by an epithelial barrier remain unaffected by the depletion procedure.
Mice received suspension of liposome-encapsulated CL 2 MDP in PBS with a final concentration of 5 mg/ml, at an effective dose of 200 ml/mouse injected intravenously (i.v.) and 100 ml/mouse intratracheal (i.t.) instillation twice, 4 and 2 days before CS exposure, as predetermined by preliminary studies. Control mice received empty liposomes without clodronate suspended in PBS (100 ml/mouse).
Determination of BAL fluid leukocyte population by flow cytometry analysis
In order to perform BAL fluid, the mice were sacrificed with an overdose of sodium pentobarbitone (200 mg i.p.; Abbott Laboratories) and a tracheal cannula (22GA) was inserted to instill 1 ml of cold 0.9%NaCl and recover it by gentle manual aspiration. Cell viability was determined manually by using trypan blue exclusion. The absolute number of inflammatory cells in the recovered BAL fluid was determined by counting on a hemocytometer (cells610 3 / ml). The remaining BAL fluid cells were used to flow cytometry analysis. Immunostaining was performed using fluorochromeconjugated monoclonal anti-mouse macrophage-specific F4/80-Phycoerythrin (PE) and neutrophil-specific Ly6B.2 (clone 7/4)-AlexaFluor647 (AF647) antibodies (both from Serotec Ltd) directed at leukocytes surface markers. BAL fluid suspension (0. 
Lung tissue and protein isolation
Lung tissue samples were obtained from sacrificed animals at 24, 48 and 72 h after CL 2 MDP treatment and CS exposure. Protein extraction from lung tissue was performed with the NE-PER TM commercial kit according to the manufacturer's instructions (Thermo Scientific) to obtain a cytosolic fraction and a nuclear protein fraction. Both fractions were frozen at 280uC until quantification.
Western blotting (WB) analysis
After protein extraction from lung tissue, samples (15 mg plasmatic proteins) were electrophoresed through SDS-polyacrylamide gel and transferred to polyvinylidene difluoride membranes (Millipore). WB analysis was performed using polyclonal anti-MMP-12 (R&D Systems) and polyclonal anti-TNF-a (Sigma-Aldrich Química) antibodies and detected with a horseradish peroxidase conjugate substrate system. The blot was developed using the enhanced chemiluminescence method (Amersham Biosciences) according to the manufacturer's instructions. The membranes were re-probed with monoclonal anti-a-tubulin antibody (Sigma-Aldrich Química) to normalize for protein loading. Each band was scanned by densitometry analysis using ImageQuant software (Molecular Dynamics).
Electrophoretic mobility shift assay (EMSA)
Commercial kit (Gel Shift Assay System, Promega) was used to detect nuclear transcription factor-kB (NF-kB) DNA binding activity. NF-kB consensus sequence was end-labeled with [c _32 P]-ATP, ,6,000 Ci/mmol (GE Healthcare Bio-Sciences) and T4 polynucleotide kinase. Nuclear protein extract (5 mg) was incubated for 30 min at room temperature in binding buffer [4% glycerol, 1 mM MgCl 2 , 0,5 mM EDTA, 0,5 mM dithiothreitol (DTT), 50 mM NaCl, 10 mM Tris-HCl and 50 mg/ml poly (dI-dC)]. The appropriate amount of radiolabeled NF-kB oligonucleotide was added to each sample and the sample was incubated at room temperature for additional 20 min. Signal specificity was ensured by competition reactions using a 50-fold excess of non radiolabeled NF-kB oligonucleotide, 10 min before the addition of the radiolabeled probe. Protein-DNA complexes were subsequently resolved in a 4% acrylamide gel in 0.56 TBE as running buffer. Gels were dried and exposed to autoradiographic film at 280uC. Each band was scanned by densitometry analysis using ImageQuant software (Molecular Dynamics).
Statistical analyses
Data are presented as means 6 SEM. P-values of ,0.05 were considered statistically significant. For time-course studies, a non parametric (Mann-Whitney U-test) method was performed to compare all CS-exposed animals to their corresponding time-matched sham-exposed controls, followed by Monte Carlo's exact methods within each set of comparisons, using the Statistical Package for the Social Science (SPSS, Inc.) software.
Results
COHb levels in the blood of mice after CS exposure
Blood carboxyhemoglobin levels of CS-exposed mice reached a non toxic level of ,15.360.6% in C57BL/6J and ,13.261% in 129S2/SvHsd mice (no differences between strains), confirming the correct exposure to tobacco smoke [29] .
Time-course changes in BAL fluid inflammatory cell profile over acute CS exposure
In BAL fluid of CS-exposed mice, an increased total number of cells were observed as compared to air exposed mice, although this increase is only significant in C57BL/6J-susceptible mice, at 48 h (1.8360.25) and 72 h (1.8760.27) compared with control group (160.18). However, there were no significant differences in non susceptible 129S2/SvHsd mice (Fig. 1) .
Time-course studies of leukocyte population profile in BAL fluid of mice with acute CS-induced inflammation by flow cytometry analysis were quantified. 72 h after CS exposure, our results show a significant increase in the percentage of neutrophils (63.1160.98) and proinflammatory recently migrated monocytes (1.6160.08) in BAL fluid of CS-exposed C57BL/6J mice, in perunit terms with respect to the control group (160.06, 160.08 and 160.10, respectively). However, significant changes in the percentage of recently differentiated alveolar macrophages are not apparent in C57BL/6J mice in any time (Fig. 2A) . In 129S2/ SvHsd mice, the significant increase of neutrophils in BAL fluid occurs sooner, though not as intense as in the susceptible strain, at 48 h (4.5861.02) and at 72 h (8.3560.29) after CS exposure, in per-unit with respect to the air exposed group (160.01). Unlike susceptible mice, in 129S2/SvHsd mice a significant progressive decrease is seen in percentage of recently migrated monocytes at 48 h (0.5260.02) and 72 h (0.4860.04), in per-unit terms with respect to the control group (160.06). Moreover, there are significant differences in the percentage of recently differentiated alveolar macrophages at 72 h (1.1260.02), in per-unit terms with respect to the control group (160.08) in 129S2/SvHsd mice ( Fig. 2A) . Leukocytes population was identified by flow cytometry analysis based on their characteristic properties shown in the forward scatter (FSC) and sideward scatter (SSC). Representative gating was set for Ly6B.2 hi on neutrophils, Ly6B.2 + on recently migrated monocytes and F4/80 hi on recently differentiated alveolar macrophages from BAL fluid of each strain of mice (Fig. 2B) .
MMP-12, TNF-a and NF-kB time-course response in acute CS-induced inflammation
Western blotting analysis showed that MMP-12 protein levels were significantly increased in C57BL/6J at 24 h (1.1660.05), at 48 h (1.1460.07) and at 72 h after CS exposure (1.1060.03) relative to the control group (160.05), in per-unit terms. However, there was no significant difference in 129S2/SvHsd mice (Fig. 3) . In susceptible mouse strain (C57BL/6J), TNF-a level tends to increase, but there were no significant differences between smoke-exposed and air-exposed groups. However, in non susceptible mouse strain (129S2/SvHsd), TNF-a level tends to decrease, although there were no significant differences (Fig. 3) . Regarding to the role of NF-kB DNA binding activity, measured by electrophoretic mobility shift assay in C57BL/6J mice there was an increase 24 h (1.160.04), 48 h (1.1860.04) and 72 h after CS exposure related with the control group (160.03). In contrast, there were no significant differences on NF-kB DNA binding activity between CS-exposed and control groups in 129S2/SvHsd although there was a tendency to decrease (Fig. 3) .
Confirmation that macrophage depletion in BAL fluid induced by CL 2 MDP is effective
When mice were examined by flow cytometry analysis for the confirmation of monocytes/macrophages depletion in BAL fluid after first liposome-encapsulated CL 2 MDP administration, it was found in C57BL/6J mice that this treatment resulted in a 49% and 67% reduction respectively at 48 h after treatment (no figure) . Consequently, additional liposome-encapsulated CL 2 MDP treatment was given 48 h after first treatment and the alveolar macrophages were significantly reduced in per-unit by 90% (0.0960.02) and monocytes by 39% (0.7260.30) in C57BL/6J-suceptible mice compared to animals treated with liposomeencapsulated PBS in per-unit (160.36 and 160.48, respectively). In 129S2/SvHsd-non-susceptible mice alveolar macrophages were significantly reduced in per-unit by 44% (0.5660.39) and monocytes by 56% (0.4460.15) compared to animals treated with liposome-encapsulated PBS in per-unit (160.16 and 160.44, respectively) (Fig. 4) .
Repopulation profile induced by CS exposure after transient monocyte/macrophage depletion
To study whether the elimination of alveolar macrophages from the lung and monocytes from the blood would influence the pulmonary immune response, we expose the animals to CS exposure, 2d after last liposome doses. After Cl 2 MDP-encapsulated liposomes treatment, in C57BL/6J mice CS exposure resulted in a significant increase in recently migrated monocytes counts (1.5460.05) in BAL fluid 72 h after CS exposure related to the control group in per-unit (160.03) and very significant decrease in the percentage of recently differentiated alveolar macrophages (0.3460.01), related to the control group in perunit (160.10) (Fig. 5) . However, in 129S2/SvHsd mice after Cl 2 MDP-encapsulated liposomes treatment, CS exposure resulted in a very significant decrease in recently migrated monocytes counts (0.2560.15) in BAL fluid 72 h after CS exposure related to the control group in per-unit (160.34) (Fig. 5) .
MMP-12 levels induced by CS exposure after transient monocyte/macrophage depletion
Densitometric analysis of WB showed that MMP-12 protein levels in lung tissue homogenates by acute CS exposure after liposome-encapsulated CL 2 MDP treatment were very significantly increased in CS exposure group from C57BL/6J mice (2.1460.08) related to the control group (160.02), in per-unit terms (Fig. 6) . However, in 129S2/SvHsd mice after Cl 2 MDP-encapsulated liposomes treatment, CS exposure resulted in a significant decrease in MMP-12 protein levels in CS exposure group at 72 h (0.6460.08) related to the control group in per-unit (160.13) (Fig. 6) .
Discussion
The effect of CS exposure in mice is believed to be straindependent, since inbred mouse strains can be either susceptible or resistant to the CS-induced lesions. In this regard, it has been previously reported that 129S2/SvHsd mice are resistant to the effects of smoke exposure, whereas C57BL/6J are susceptible and respond with the development of emphysema [1, 2, 3, 4, 6] . However, the cellular mechanisms responsible for the different susceptibility of these mouse strains to CS are still unknown. Identification of sensitive and resistant mouse strains could be Figure 3 . MMP-12, TNF-a levels and NF-kB activation after CS-induced inflammation. Detection of MMP-12 and TNF-a protein levels by WB and NF-kB activation by EMSA in lung homogenates after CS exposure was performed. Specificity of the bands was confirmed by the disappearance of the bands with the addition of 50-fold excess of cold oligonucleotide (cold probe). Bands were measured by densitometric analysis and normalized with a-tubulin for WB. Results were expressed as mean 6 SEM; *p,0.05; n = 8/group. (%) air exposed group; (&) smoke-exposed group at 24, 48 and 72 h after CS exposure. doi:10.1371/journal.pone.0072975.g003 useful for understanding the molecular mechanisms of CS effects on inflammation and pharmacological interventional studies in CS-exposure mouse models.
It is known that inflammatory cells within the lung differ in number, composition and functional properties at different stages of inflammation [30] . Macrophages are the most abundant cell type recovered from BAL fluid of animal models of emphysema induced by CS exposure [4, 31] and patients with COPD [32] . Distinct macrophage subpopulations characterize acute inflammatory lung disease [33] and macrophage number in BAL fluid correlates with disease severity [34] . However, it is still difficult to examine whether functional changes have occurred due to infiltration of cells or as a result of activation of cells which are already present. This also applies for alveolar macrophages that are present in the alveolar space at considerable numbers but may also be newly recruited from circulating monocytes during an inflammatory reaction [7, 8, 10, 12] . It has long been known that blood monocytes through the pulmonary circulation can become sequestered within pulmonary capillaries across the endothelium and migrate into the interstitial and alveolar spaces where they mature into alveolar macrophages (first into recently differentiated alveolar macrophages or parenchymal lung macrophages) [9, 35] . Moreover, alveolar macrophages are derived from recruited monocytes and not directly from the bone marrow cells as initially speculated [36] . In this study we used a specific antibody that was reported initially as ''neutrophils-specific'' antibody Ly6B.2 (clone 7/4) [37] . More recently, it has been observed that the 7/4-antigen is expressed on murine monocytes [38, 39, 40] and seemingly lost during differentiation to mature tissue-resident macrophages in inflammatory lesions. Identification of murine proinflammatory monocytes and understanding the mechanism of monocytes recruitment from the blood will aid further attempts to control these cells in the inflammatory conditions in which they have a central role.
To determine the functional importance of monocyte derived cells in mediating acute CS-induced airway inflammation, alveolar macrophages and blood monocytes were selectively and transiently depleted by liposome-encapsulated CL 2 MDP administration [35] . This technique depletes monocytes/macrophages without damaging other cell types in the lungs. Using this method, we were able to transiently remove alveolar macrophages from the alveolar spaces and circulating monocytes from the blood. The repopulation cellular profile in BAL fluid after CS exposure in C57BL/6J mice treated previously with CL 2 MDP, gives evidence of a large recruitment of recently migrated monocytes at 72 h after CS exposure accompanied by an increase in MMP-12 enzyme associated with tissue breakdown and a significantly decrease in the number of macrophages. While we found in 129S2/SvHsd mice a decrease in both populations recently migrated monocytes as macrophages, accompanied by decrease in the levels of MMP-12.
Our results confirm that the inflammatory phenotype differs among susceptible and non-susceptible mouse strain. Acute CS exposure encourages the recruitment of proinflammatory monocytes, promotes the release of MMP-12 and leads to robust neutrophilic inflammation at 72 h after one single exposure to three consecutive cigarettes in C57BL/6J mice. In contrast, 129S2/SvHsd mice shows decreased influx of proinflammatory monocytes, decreased levels of MMP-12 in lungs, and not so robust neutrophilic inflammation. In a recent study performed in C57BL/6J mice acutely exposed to CS, it has been proposed that MMP-12 functions also as a TNF-a-converting enzyme [41] . Our data show that MMP-2 and TNF-a level in C57BL/6J lung tissue was significantly higher than in 129S2/SvHsd after CS exposure consistently with previous in vivo studies [3, 6, 15, 42] . It is suggested that the involvement of MMPs in CS-induced lung inflammation is mediated by the release of TNF-a from macrophages with the subsequent neutrophil influx [41] . However, it should be noted that while TNF-a has been shown by some to be a key initiator of inflammation following CS exposure [16] , we did not observe changes in TNF-a 72 h later of exposition to tobacco smoke. This is because TNF-a exhibits a peak at 2-4 h after smoke exposure, that at 6 hours returns to baseline levels [6, 15] , so it is not surprising that we did not observe changes in TNF-a in these mice. Markedly higher levels of NF-kB DNA binding activity measured by electrophoretic mobility shift assay were observed only in C57BL/ 6J lung tissue after CS exposure. The present results are consistent with in vivo studies showing increased levels of NF-kB DNA binding activity in lungs of C57BL/6J and other susceptible strains in response to CS exposure being postulated that NF-kB could be one of the genetic determinants that contribute to the increased susceptibility of C57BL/6J mice to CS [3, 4] .
In conclusion, we demonstrate that recently migrated monocytes into the lungs could determine the gravity of the damage caused by tobacco smoke. Our data support the impact of recently migrated monocytes recruitment as a possible marker of susceptibility to cigarette smoke-induced lung injury. Therefore the results of these experiments demonstrate that the induction of MMP-12 and the recruitment of recently migrated monocytes have an important association in the pathogenesis of susceptibility to acute pulmonary inflammation. Early diagnosis is of key importance in the treatment of emphysema. However, it would be necessary further studies to elucidate the relation between the influx of monocytes into the lungs and the activation of the inflammatory response.
